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Abstract· 
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. ' . ,.~ 
. , . . 
The coarsening behavior of directionally solidified Al-
' . 
AI 3Ni was studied by a quantitative metallographic technique. 
It was observed that coarsening progressed by the dissolution 
of some fibers and subsequent growth ._of others with no apparent 
· tendency toward fiber shortening • 
. 
Measurements revealed that· the driving force of coarsen-
ing was the reduction in interfacial surface area per unit· 
volume, Sv. Sv was found to be proportional to the square 
root of the number of fibers per unit area measured on a sur-
face perpendicular to the ingot growth axis. Based on the ex-
perimental observations, a model was developed which predicts . 
,. 1 
.. 
·. Sv to be inv~rsely proportional to .t_he square roo.~ of heat 
• 
treatment ti~e, indicating that the rate controlling process 
· · ... ·. - ,· _·>:·---.··:· · ·is diffusion rather than interfacial dissolution. Activation · 
. . . . ... - -~·. . - . . 
. .. . -
- .. ·,,; ·- ., ... 
. energy determinations. suggest that -the diffusing atom species .. ' . - ~: 
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· INTRODUCTION . . 
·, ,, 
. : ·-, ' 
., 
. In recent years much attention has been direct~d towards 
. 
. . 
. . . 
- . directionally solidified binary eutectic -alloys be~ause of 
their poten~ial advantages in a variety of applications. The 
~ unique physical and mechanical properties which many of these 
eutectics exhibit are a direct result of_the highly anisotrop-
ic mi.crostructures produced by unidirectional solidification. 
Thus far, the most commonly observed microstructures are ei-
ther lamellar (al t_ernating lamellae of the two phases) or rod.· · 
like (fibers of one phase embedded in a continuous matrix· of 
.· the second phase) in nature. In addition it has been found 
that quite often the phases will tend to assume unique crys- · 
tallographic orientations with respect to each other and the 
thermal axis of the ingot. 
The successful achievement of an aligned microstructure 
has been shown by Kraft and Albright1 and Chilton and Wine.:. 
· gard2 to be i-elated to constitutional supercooling effects 
. . . 
near the liquid-solid interface. It was demonstrated that 
elimination of constitutional supercooling by using high puri- · • 
- . .. ,'t. ~ 
l .. • ~ · .• , ty materials, a high thermai gradient in the _liquid and/or a . __ ._. : · 
. 
.. ---. 
. e 
. ,, . 
- ' • ;, .- .:·~ •• : •. •· • ~· .- • • ~. I ' 
• • ' ,· • .. '. I~ - • 
.. - ' - - . ... . ' 
- . . ., - . " ·. - ~ ~ . slow growth rate enabled proper control to be achieved. Under· ·- .·-,... . :· 
· -.. - : ·:_: :<~.-..-< · - conditions w.here constitutional supercooling is present a 
, 
-. ·. ·· _··'. · .·. · . colony structure usually results which is the tw·o phase ana-
·. . ·-
.: , •. ; . J 
. : :· .: ·.· · 1ogy to cellular growth described by Chalmers 3' 4 and co-work-
·• -·. \, :" .. ·. 
.. . 
· ·· · ... ers in their studies ·on. directional solidification of single · .. ~:·-: ·.·. · 
·,' . 
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On a microscopic scale, the origin·of _the _diverse micro~ 
·· morphologies observed in eutectic alloys is at present not 
completely understood and the various theories proposed to ex-, 
plain the observed microstructures are quite numerous. It is 
generally.agreed that in a "normal" eutectic orie phase nucle-
ates the other and .that subsequent growth continues by the 
simultaneous growth of the two phases. 5•6 It has been suggest-
ed by Kra£t 7•8 that the preferred orientations of the phases 
develops during solidification and that the interphase i~ter-
faces which are typically planes_ of high atomic density are 
an inherent result of the system tending to maintain a minimum· 
free energy. 
The two binary eutectic systems, Al-Al 3Ni and Al-CuA12 
have been investigated quite extensively. \\/hen solidified 
unidirectionally, Al-AI 3Ni -is typically a rod like structure 
consisting o~ a parallel array of Al 3Ni fibers in a continuous 
,'aluminum matrix, while Al-CuA1 2 is a classic example of a 
. 
· l~mellar structure consisting of alternating lamellae of alum-
'· . 
inum and CuAl 2 • _ In each case the fibers and lamellae are ·-
- -· 
. . ' . 
· -- ·.::- . '·.:_ · < ___ , ·.·_·parallel to the growth axis and assume unique crystallographic 
. 
-
. ..,, ..... 
. . 
·_. ···:·< ··: .-- · orientation relationships. 
. . - ~ - . . 
For the Al-Al3Ni eutectic system . . . 
. 16 it has~been shown that the_. fiber interfaces wh.ich are paral-.'_ t~. .... _:, :. '. • 
• 
• . ~- . 
. . 
. 
'. . ~ . ;_ - ·-.: .... : 
: . lel to the major axis of the. "elliptical" fibers_ (Fig. 1) can 
"" -- ••• •e' ·• 
-~--.::-_• 
~. .. . 
':* . . - . 
. ' 
. ·- ···,.:.-'·· .. ··be described by 
. - ~ . . . 
. . . 
. 
. . 
. . i. ·.. - . . . 
;, 
. fiber in~erfac:s ·parallel. · // {OOl} · 
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Hertzberg, Lemkey and Ford9 .demonstrated that the aligned· # 
.. ·. · microstructures exhibited a significant increase in room tem-: · -
. 
perature strength over that of the as-cast microstructures. 
On the basis of the enhanced mechanical properties found at 
· room t~mperature the possibility of similar reinforc-ement at 
-elevat,ed temperatures is s-uggested. To a ·large extent, this 
reinforcement will depend on the stability of the anisotropic 
microstructure at the elevated temperatures. Salkind et a1 10 
have shown the. creep· resistance of direc,tionally solidified 
Al-A13Ni to be inversely related to the size and/or spacing 
of the Al 3Ni fibers indicating that spheroidizing tendencies· 
may be detrimental to enhanced creep resistance. 
Kraft, Albright and Ford11 investigated the thermal 
• 
stability of unidirectionally solidified Al-CuA1 2 and found 
that extensive heat treatment near the eutectic temperature 
did not alter the rnicrostructure to any large extent except . 
. -near the vicinity of lamellar faults. A late-r i~vestigation 
... ···. I 
: ·., 
. . - . . . 
by Graham and Kraft12 on this same eutectic system showed that 
the pr~ferred crystallographi-e orientation remained unchanged 
even after 1200 hours at eight centigrade degrees below the ~ ' .. 
-
.' -. 
-. .. ... melting point. 
. - . 
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The coarsening process was shown to be di£-
. ' - . . . 
- '. ' . . ·- . 
. 
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: <_ · : reduction in inter£ acial surface area per unit volume, Sv. . ~ - .. -.. ' 
_ ·· ·· · . . . Bayles, Ford and Salkind13 investigated the· thermal 
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. here too the preferre~ crystallography was rnaint~ined after .. f •• '. ·, ' -
. ·-.. ".; ' . ' -. , .. 
. . . ·· . 
..... ) .: . : .. ~. ... . ' . . . ' . . . ,, . " . : ' 
' . ,• . -. . ' \~ .: "' ... -· . - ,' :-· · ... ·... ·. -· ' . . . '.. ' .". ' 
I•. ' 
. . 
• ,' j 
' . . .. 
. . 
•," 
,· . . ·~ 
·.· . ., 
• '. •• ~ ' 1 ,' • ' 
',, -
. \ .' 
. . : - . ' ', ' 
. ·. ~~. ' - . ' .- -~ : ' 
' ' ... - . ~ 
,.'. ''..·' ...... 
. . 
. -_._ . . "' 
~ • • • t.' ' ,' r • : ·, • 
• 
'• ' . 
. . . 
.- . . . ':- .' - - .- ~ ·, ~ :: -~ . ' 
:' ... . . 
' .. 
,· 
. .... 
. . 
. 
• :· ,· I J 
. .-.. 
..... '. . . 
--: .. ' . ,. 
..· . • . > 
'• ·' . ~ '. . .,· ,. 'l ·,. . 
,· .. ·. ... ' . 
•• ' t • 
··-·. 
- • . . • 
. 
-
' ••• i' • '·_ ~: . ' .~ ' . . . ' . ' . : ' .'"' . .·. .· . : . . . "• . - ~ . ' :., •. . 
. . ' . ' .. . 
,, ' ', 
.. ·~ '. '. . . ' 
-
. . . '·.. . . . . . . 
' 
•• . ~ -
'~ : ·" ',. • .. • . • 
• ; • ' ... . •• '• • ' 
i • -. .:'. . : ·_ .... ·. . . . : : . . . . . . . . . .... . -; . . . . . .. .. . -.· ·. . .· --. ·_ .. _.. , . :.:.~ . . I ·: ..... ·.-.·-,_ . . ... ·: . , ... ·. '. ·,·:-.: ... .. :,. ... -. 
..,, .. · ~ -· .. -------.. ··~ . I • II '. '' • ," ', • 
_• . ~.··', • • •. 
,. ~ .. . . . . . . I 
. '----... : r ~~: ..... 
.... : : . 
' . . . 
',, .. 
-
-
-
-
-
--·.-·-·---·----· --........ - ............. ..........,..........,..,....,_....;.'--'-'-=-.':.--··-,•.- .,. --·- .. --·· 
•. 
- 4 -
.,- ' 
... 
· · .......... 500 hours within 32 centigrade degrees of the eutectic. temper-
' · .. ' .. 
•• ; i •• ' 
:-.-
. .. ·-· . ··--
,· 
• • i-· 
.. .. 
·.... . ·' ... 
• ~ ,.. . .= ' . . 
• 'i • . . •. • .. 
'·' .,·: 
. . ~, · ... 
·. ature. _ Coarsening occurred by the dissolution -of some fiber.s · 
and subsequent growth of others, with no evident changes in 
. 
· fiber shape, It was. assumed that the driving force was the· 
minimization of interfacial surface area per unit volume Sv~· 
'and the parameter chosen to describe the coarsening was the 
fiber density p. A mathema~ical model was developed which 
predicted that Sv should be proprirtional-to the .square root 
·of p. 
· A basic weakness of this analysis is that it neglects the 
po_ssibili ty of two samples having the same average value of p 
but different distributions of fiber sizes. Further, it is 
conceivable that even in a single sample p may change while Sv 
remains invariant, simply by the average fiber size shifting 
to the appropriate value consistent with constant volume frac-
tion. I~ view of the above weakness and the potential.shown 
. I 
by directionally solidified Al-A1 3Ni as a high strength mater-
ial, possibly at elevated temperatures, it was decided to 
q~anti tatively study· the· coarsening process in this system by 
actually determining the variation in ave~age particle size as 
. . 
a ·functio~ of time aQd temperature. By thi~ approach it was 
~oped a deeper understanding of ,the coarsening pr~cess could 
·, "-· - ··.-- -- .- · be ga1· ned 
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SPECIMEN PREPARATION 
All sp~cimens used in this investigation were taken from 
a single master ingot having a nominal composi~ion of 6.15 wt. 
pct. nickel as co~ared with 5.7 wt. pct. reported in Hansen. 14 
The higher weight percent was chosen on the basis of recent 
. 
. .. 
work~. by Willey15 and by Lemkey, Hertzberg and Ford16 who deter-
mined the eutectic. composition to be 6.12 and 6.18 ± .OS wt. 
pct. nickel respectively. High purity aluminum (99.995 wt. pct.) 
and nickel (99.98 wt. pct.) were melted in a silicon carbide 
crucible, held at 700 °C ·for one hour to insure complete homo-
genization, and cast into a graphite boat of dimensions 24 X 
5/8 X 5/8 inches. In order to achieve the high purity neces-
sary for a controlled microstructure at the highest solidifi-
cation rate, ten molten zones approximately 3/ 4 inches in 
length were. passed thrQug~ the ingot unqer a static argon at-
mosphere. Zone refining was performed horizon~ally using a 
Westinghouse 10 kw induction unit and a water cooled end chill. 
\ 
. . Zone- travel rate was S cm/hr. A final pass was made at 22 cm/hr. 
to determine if zone refining did in fact purify the eutectic 
alloy. Metallographic examination revealed the head end of the 
ii}. 
ii . · > · ··. ·, · · in ot to be well aligned while the tail section ·contained se-l. .. . ·.. ' . . .... .& 
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· ·. three equal lengths an·d vertically· controlled in 1/2. inch dia~ 
; meter high purity graphi'te molds. under a dynamic argon atmos-. ·· 
phe:re at rate_s of 2, 8, and 32 cm/hr. For ·the ·higher growth 
-
· rates (8. and 32 cm/hr.) a· water cooled copper· end. chill was 
employed to· further·· reduce any. t~nd~ncy toward colony forma-. 
tion. 
.• 
.· .. . ' 
. HEAT TREAT~IENT 
. . . 
... 
·' ~ ... . Individual specimens were prepared by sectioning (perpen-
dicular to the ingot axis) the central portion of each ingot 
into 3/16 inch wafers. Heat treatment· was accomplished in two 
' 
-
.· resistance wound tube furnaces.with a maximum temperature ex-
cursion of ± 2 °C. Two· wafers from each of the three initial mi-
cros tructures were vacuum encapsulated in 13 mm vycor tubing 
.. if, ' 
I' • •. -
• .. . ~ 
. ;'·.~ . ...:..- .. 
·• and held at 590, 610, and 630 degrees centigrade for cu~ula-· 
tive ~imes of 10, 100, and 500 hours. After removal from the . 
.. 
. , . 
· .:,·:.> · .·_ , : furnace all ·specimens were quenched in water while still in 
.. - ·• .. 
· ·:: '.·-,.':~ _. : .-... _: __ · .. the . capsule. 
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techn~que wa.s finally employed which produced· exc~llent results. 
Specimens were m~chartically·polished through l~O micron aiumina, 
electrop~lished in a solution. of 70 vol. pct. ethanol, 6.7. vol. 
_·pct. perchloric acid, 10 vol. pct. Butyl Cellosolve, 13.3 vol • 
• 
- .. :pct. distilled water, and etched in .s vol.- pct. HF for five 
•,,;t, 
seconds. Electropolishing was carried out on a Beuhler elec~ 
---·,. -.. · tropolishing unit using a 5/16 in. diameter washer at 30 volts 
. -
- . ~ :•,. ' 
... . . 
· (open circuit) for 15 to 20 seconds. Electrolyte temperature 
' . 
. 
. 
~ ·. was maintained at approximately 15°C ·by a water cooling coil. 
. ' ':' 
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.. 
~-~ :"': .. ··. 
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Two stage cellulose acetate Pt/C replicas were then made of 
the polished transverse surfaces and electron micrographs taken • 
. ~-. . 
· In order to eliminate any surfac.e effects the post heat treat-
ment metallographic procedure was identical to that just des-
cribed. 
Interfacial surface area measurements were performed on 
a Zeiss particle size analyzer which consists of a collimated 
beam ·of light the size of which can be varied by a m.ovable 
aperture. Matching the diameter of this beam to the dimension 
one desires to measure results in a distribution of diameter 
sizes which is automatically recorded on a digital read out 
. . ,·-. :-·-. '· . ~ ~ ·.. . :· . 
system • Since low growth rate and post heat treatment micro--
·_- · · structures contained phase particles which for the most part 
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occurred as coarsening· progressed ~(Fig. · 2) , __ all fibers were as- · 
. sumed to have a unit length throughout· the ·analysis. · Inter£ ac-
. ial surface areas were thus determined by substituting the aver-
age lengths·and widths determined from the corresponding part- ~ :~ 
icle size distributions into formulae de~cribing the .circumfe~- . 
ence -~I an·ellipse or rectangle depending on the particular 
m~crostructure being analyzed. The average interfacial surface 
area per unit volume is then simply the product of the average 
fiber.density and the average interfacial surface area per rod. 
. ·/ ./ . 
. . .. ,// . ' ·.. = ""· 
In order to evaluate whether the average values of. lenith 
. and width were representative of a large enough sample, vol um~ 
· fraction comparisons were made with the theoretical value of 
l·O. 7 percent (based on a compos i_tion of 6 .15 wt. pct. nickel) 
and the experimentally measured value of 12. 5 percent (based 
. -.. ·._·. -·: ·.· on 6.2.wt. pct. nickel) reported by Bayles and co-workers. ·· If 
!. r;. 
' ~ .- .., I ; - •• 
-· - .• ' f • _·; - • 
at any stage of the analysis there was a large discrepancy be-
tween the value calculated from the_ experimental data and 
: . ' "', ~ -. : those values cited above a larger sample was measured. 
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The pre~heat· treatment mic~ostructures (transverse sec-_ 
• ·"! ' ' • •'' .. , • - - .• ·, ·- < .... 
~ .. .· . ' . 
. ~ !'.' 
-> · ::_._'. ·--.~ tions) are· shown in Figure, 3. A change in fiber. shape with 
. 
. 
-~ .'-·,~ < -- _· ... solidification rate becomes apparent when Figures 3a and 3c 
. ~ are compared·. At the lowest rate the gross fiber cross sec-
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interfaces being composed· of a series of. facets which are pre.~. · · 
sumably a result. of the preferred crystallographic or:i.entation. · 
As the solidification rate· increases the fibers become less 
. 
elongated until at-the highest rate the cro~s section is -es-
~sentially circular, and faceting although still present is 
less evident. As predicted by theory17 and co~firmed by ex-
. periment, 16 increased solidification rates decreased the inter- '"'' 
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··. - . ~ 
. · l . 
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fiber spacing producing a finer dispersion ·of phase particles. 
Figure 4. shows a typical sequence of microstructural 
. 
. 
.coarsening. Heat treatment caused the dissolution of some 
. . 
fibers and subsequent growth of others, the net result being 
an increase in the average fiber ''diameter" and a decrease in 
the average number of fibers pet unit area. Crystallographic 
faceting persisted at all stages of coarsening and no tendency 
toward spheroidization was observed even after 476 hours at 99 
percent of the absolute melting temperature (Fig. 2). 
Table I. illustrates the variation in average fiber length -.. 
! -. . ~· . ~ . 
. . ; . . :. . ·~ . ' 
·: -and widtl1 as measured on transverse sections with time and 
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.· :· .... •, 
.·· .. _· -_:_:,~. -.. • :. . t~mperature for the three initial micros tructures. In general 
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... -· .... . '· ~- .. . . . . . 
. both the length and width in~reased as coarsening progressed, 
. . 
. . .>· ; . . . . ' . : . . .. - .... .; + h average 1~ngth increasing at a slightly faster rate. 
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For example, a~ter 500 hours at 610°C the average~fi~er length 
. ·for the 32cm/hr. microstructure increased by 660. percent while . 
·, 
. t.he average fiber width ~ncreased by only 360 percent. It is·. 
.. f •. 
·-to;, .. j • 
· [ : . ·.. \ . tempting to conclude from this observation that growth is more· . 
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-· .. _rapid in· a direction parallel to the {OOl}Al Ni '{331}Al inter• 
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face s~ggesting that this is indeed a low mobility interface 
across which a high degree of atomic matching is maintained. 
The fallacy ·with this reasoning ,lies in the fact that what may 
have been a length at one stage of coarsening could have become. 
a width at a later stage due to the dissolution of adjacent. 
fibers~ This appears to have occurred in.Figure S._ · In order 
to reach a definite conclusion therefore, the same single fiber 
or group of fibers must be analyzed as coarsening continues-
rathe-r than a random sample. 
· Figures 6 through 8 are plots.of the average fib~r den-
sity as a function of time at the three heat ,treatment tempera-
. tures. The rate of change of fiber density with time increas-
es· ·with increasing initial fiber density and increasing heat 
treatment temperature. 
Average in terfacial surface areas ·per unit volume are 
.. 
plotted as functions of time in Figures 9 through 11. In all 
cases ·the rate of change of surface area with- time decieases 
. . ' 
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_· -··.: . ··:,. ___ :_: __ .. -.'. _with decreasing initial surface area and decreasing tempera-
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sity and interfacial surf ace area per unit volume de ere-as es 
to extremely small values as coarsening progr~sses ~hich is 
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-- _·to be uniquely related . to the .average · f:iber derisi ty, _but as 
it turns .out the interfacial_surface. area per unit volume is,_. 
within the limits of .the experimental accuracy, uniquely de-
· termined by the square root of the fiber density (F.ig. 12). 
Despite the differences in morphology between fibrous 
and lamellar structures it was thought that a model developed -
· ,-. .,.~: ·.:>- -- to describe coarsening of a. lamellar micros tructure might be __ -_ 
applicable to a whisker type microstructure a~ well. Graham 
-
. ~ 
and Kraft12 found that coarsening of·a lamellar microstructure 
, . : _ -->- ·_ (Al-CuA1 2) could be described by - ' . •' _: :""':. 
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.:where Sy_ is ·the interf acial surface area per unit volume at 
time.equal tot, So is the interfacial surface area per ,unit·:_ -
_ volume at time_ equal to o, K is a constant, T is the absolute 
temperature~ and D- is the diffusion coefficient. l'fhen the ex-
perimertt~l data. for the Al_-A1 3~i eutectic system are plotted --
1 1 
as - - - as a function oft, the resulting curves are non-
5 
- V 
- linear functions passing through the.origin ~ith the ihitial . 
·_-::::-::;·:'/ _,·.-slope increasing for increasing temperature (Fig. 13). 
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< strictly. valid. · That this. is so can be rationalized by the 
following argument. The rate of change of Sv~ith time in a 
.. 
lamellar rnicrostructure is inherently slow because coarsening. 
occurs ''heterogeneously" :r that is, only in the vicinity _of 
lamellar faults rather than "homogeneously'' throughout the. 
volume as in the_ Al-A1 3Ni eutectic system. Eventually how-
ever, as the receding platelets disappear, it is reasonable 
• 
to expect Sv to approach some limiting value as it appears 
... -' ,~ 
•.. . 
to do in the degenerate and quenched microstructures (Ref. 12) • 
dS 
. Since it is highly unlikely that v would change discontin-
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· 18 / Greenwood, in :1956 ,·;,, developed a ma-t-h-ematical model to 
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describe the coarsening of an assembly~£ various sized spher-. 
- -_. ical particles. which can be written as 
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. where J'\ is the radius of a particular -particle, rm is the mean 
radius of all the pa~ticles in the system, Dis the diffusion 
coefficient, T is the'" absolu-te temperature. and ~ 1 is a constant. -
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If it is assumed that fiber growth is analagous tci a cylinder 
exhibiting only radial growth (i.e. no change in axial length), 
then the problem becomes two dimensional in nature rather than 
three dimensional as for the sp~erical particles considered by. 
. 
· Greenwood. Thus Eq. (3) cari be rewritten as 
. _ . , 
'. ·•· 
. ' . ! ' 
f . 
. . . 
. . 
. . . 
.. . . : ..... · ·,'. 
,.., - '. • .... ' : • ... - 't •• 
.. ~f ". • ~-' :: I i • .. -. \,' : 
i-
~ . . . 
. . - . . ... .. . 
. ' . 
' .. .. 
-.- . 
. . ' . . _·. ·, .:. . . . 
. . :/ - .;. ·._ ........ . 
.. . . 
• ' ..• : : -. • • .• - .: ;· • ... : ••• · ... ·~ - • - • • • C: 
•.. ·""·t. ' 
'· 
. . .. .· ·, ·t: i .•' . • . . 
-- ' .. ': .. : !.' . ··~ • 
~ . ' ... . ' ., 
. < .·."'.: .: . ·. 
\' ·, .... _ .. ~ .'·' :.· - ·. .,. ;. ... . . ·-
:. ... .;,· ... _--.·. ·- . . ·. . . . 
. · .... .- .- . 
. . ' · .... 
- . . . 
. · ... ·:.:. . 
dr t D 1 ... 
- z- -
.dt ·- T rm 
. · ·: ,- ·c •• ---._ • : · .; ·rf. it is further assumed that 
.. . ' ' 
'-· . 
. . 
. · ..... 
1 
- -
r 
'• . 
.,... 
., 
"' (4). -
... '·~· 
,· . 
. .. 
. . •, ' 
~ ... 
.'"·. -
,. . 
' 
. --
f. .. . . . . .. "- ' J . . . -·· . . .. ' . \ . . .. V ... -.·_ . :.-·.·"- .,. ;_"·· :· ,.·.· ·.~;- -.- --- .,'.s,: .. ' . V ·: ... '•'.'.-:'.. /· .'.,~; "._.,' ;, ·; .. r. -•. Kr_ m : : -'.-_-.,._·. __ ,,·_·._ .. ~·- ·.-- ··~. . (S)·· .... ,. ·. ~ -_._ ,-_-.. ·'.-_: .. _.,,.:_-:_·_ '_.·._-·:·, ..:_.·.,-._,,_.--... · · __ :·:· .. :_: __ :-.-.· l_ . . .. ·• ·, •.•.. _. • . --- . -
. ,. 
' 
· . .- .:_, 
., .... 
. . l 
. ' . - .·· · ..:._ .... --· ·.·. : ;.. .... ~-- ·.- ... -'t ! - . 
. '.-. . ' . . :· .· : . ; ~ . ·'. ;· . ·. -~. • .. ·. ! ; • • • : . • _.· :. -~. 
' ,. • • 
. . ·. . .. . ... . .. . . . --.· · .... , . - . .. : ,-.--...... .-. ~. 
. ' ··.·-·.:,_ --·_::. .. :•., ,:·:. . 
. . -.··· - ., ' .. ··-. .. . 
• , r • - '.' 
·•::' •. • 
• • ~ 
' • 
'; ~ •• i.'.' ,'.·: • 1 •·•. ·: ' .; ;._< .-~ • ' ' .,• · ' 
r' 
..
. . - .' .;. .. - ·. :_ -: .. _·.· . -.... ·.·- ·_-_ ·.-· •. · .. · ., -_. . . . . . . -.. ,·; 
. . 
-. ' . . . ;. 
· .. ' . . . 
. r·. -· • . . , . . _.. •. .. • 
.... - ... , 
. . . .. . . -
_, . . . , 
' - • • _. ' 
• • • ' ..... . . ~ -- • ' ._ .• ' ., • . ,• . :· ·- .: ••. . • .~ • - ~ .• -•. ; ·, - ·." .... ' ~ '. - . -•.• · !' ~ . . . . -
. . .. .. - ~ ·.. . . . . . . "' . ... .. '. ' . . . . _. .. ,:-·. . . 
• ·\ · · · \ : · · · · • ·.·•. · . · ·. t~ en . Eq • . ( 4) : be C om e s •. · ..· · : · · ·. . • · · •.. ·· · •. . :.: ·< • . · • • .· > :. > · '.' · ....• ·. ; ;: : • ·. -:: :,:: . : : · ';·;) : : , : : t· · 
. . ~- . . . . 
. . -
- . 
i· 
_, 
-. : ; . • . . • . ; • ,t:; . . . '$- ._, ' -: .. : •.. 
. . .. --· 
., ' .. . ·.. ·'. ;. ' . . 
·, .. -- '-' :· __ ·.~.·-~~----. -~ .. ·.·.· . ' . -~-· ,' ... ··. . . -- . :• ... ·• ' ' ' ' 
' ,, . . 
.. ' 
·'.. ' .' .. 
I •• 
i. 
• 
I 
·r 
I 0 
.· .. • ' ~ • • '' • 
• '- • • \. 
- ' .. ' J • • • :: :; .- - • • • • • ,. • • 4. ' - ' ~ •' ._-. ~ .•; • f · ' • J ' ' .• '' -~'.. • , • • ·.,. ;. ',, :,'., • •• ' 
, -::.·. , • ' • ,' I :· ,. ; 
•• 'i:' " , •, , 
, , : . . ' . . . . . . . > : > .. · , . , . : • . / : ·, :; ' . : . '., ·}r , : , , < , ·. . ' . . 
. '. . ·. ; . ' . . . . . . . ' .. --. :· .-- .- .. .•. -. : -. - ... ' . ·. ~· ·. ;· .. ·::- .. ' :.·· . i' -
. . .. . ' . ' .. - . ' : .. '., :· .,; 
. .. 
.• ,. ·-·. - :·.·;-. ... • . ··-· .... ·:··.··.',;. .'."1.,..,-- -~·.,,·:,... -· .• ~- .. ·~·, .. ;.'..:· ... ·• . ·:: . 1· .- ·t.,· ., ~: '.• ... ' 1 • ~ •• ' • • •, ~ • - •• •• / • •• ·-:· • - 1 .. :. • • • ...- ' ' • I , '· •• •• ',·: _ ... : • •• •••• • : ... '(·.,•· ·, ..... :.·~· :·,; •• • ~. • • • - .. ' 
' ••• ' 
·-·. ,·- ;·· ,..... 
' " 
' I .1 ... - • ' ·--·_,·· ,'.• _·, . .':. ~ •.. • ·' .• • . • •• , ' '~ ._:· ~ .• -~-: .• _' .. - • ... ~:. --... ..... • '· ..... · ••• -, • '•. ,., ·.- ''. -· ·.·:. ·: ' # .... __ •. . ·:· • ' '. 
.. • ,·. '.,''· 
• ·.- : ... i • .• ••••• •• .•. 
' 
• •··• '.· ,:, • • •• . ,. . ' ,• 
. ~ 
- -• .. 
' ~ . 
' ., . ·•· .. · 
....... 
. ·., -' - . . ~- .. ·. ; 
. . ·,: ._ ., . . . 
.. ·,. . ·.' ·-----· •·'_• ·· .. ' . . . . 
. J 
-
. · ·. '', * . ' 
' ·''. 
~.r ! 
. . ·--. . .. ' .. . 
: . . . '~- .• . ' 
h_ · .. ' 
'' .> 
" 
--==--:-·· .. 
. . ' .. : .... ' · - 14 - :' .. 
' '·. f ' 
·,. ':-; ;; '_ ..... 1.· 
~., ', •: .' ' , , . '.II ' .·: •., . .·' .,. ' ; - ' 
' ' 
: .... ·._ •' :; ,.: ... . ' ' ., . -'· . t -. ~ . . . 
' .• .' .· . 
, . ~ -·' ~-: '(. 
• . ' .. · • 'i ... 
. "-'·,, - - ' •. ' .. 
. • ' 
d ' ··.~ 
.· < .·· rm = . '" ~ l . , : >·(6)·. . . . • 
dt ~ 3t ;: ' . , . : < . 
. • ~. • it' 
·'' 
. •" 
"·.~:··.,··'_ . ·,-.·.·, :,· 
.·· . .- . . <-- ,' -· ·. . 
., . 
' . . .. ' .. 
Alth.ough relationship (5) ·cannot-be rigorously-justified it 
would be valid,_ for example, if particles in a particular size· - · 
class or narrow range of size classes exhibited a significantly 
•\ 
faster rate of growth than particles in all other size clas-
-~es. These rapidly growing particles would then make the 
greatest-contribution to rm possibly in a linear manner, at 
any instant in time. Since the experimentally determined part-
-
- icle size distributio~s were observed to become highly skewed 
toward large particle $izes (i.e. both lengths and widths) as 
coarsening progressed, indicating that particle growth was non 
uniform, the example presented above may not be too unrealis-
. tic. Rearranging Eq •. (6) yields 
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Assuming th~t Sv · is inversely prop6rtional to rm (the same 
assumption was made to derive the square root dependence of.· 
~ · .. 
· Sv on p which was previously shown to be a valid relationshipJ 
Eq. (9) can be written as 
·-
(10) 
The time dependence of Sv predicted by the above rela-
tionship is comparable with the experimental observations 
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_..- ... 
(Eq.(2)) tending to support the assumptions made in the deri-
vation. It must be noted that this model precludes the exis-
tence of the observed cross over behavior of Sv shown in Figs. 
7 through 9. For this reason the 2 cm/hr. data was omitted -
· from the analysis. Since Eq. (3) is only valid for a diffu-
sion controlled process, the comparable agreement between the 
coarsening model and Eq. (2) lends credence to the contention 
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that coarsening of the Al-Al 3Ni eutectic system is a diffusion 
controlled rather than a dissolution controlled process, 
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·. described by an Ahrennius type of rate equation, !. = Ae RT, · 
t 
where t i'.s the time required to achieve a given reaction 
.· state, T is· the absolute temperature, R is the_ gas constant, 
. and A is a constant. When Sv for the .initial rnicrostruc-
tures had reached a relatively constant value, values of T 
-
and t were· measured and the activation energy determined. It 
was found to be 19 to ZO kcal per mole. These values are sub~ 
··stantially less than the experimentally determined value for 
Al in· Al, 19 (34 kcal/mol.) but agree well with the experiment-
. •lly determined value of 19.9 kcal per mole20 for volume dif-
fusion of Ni in Al, suggesting that the rate controlling pro-
cess for coarsening involves the diffusion of nickel in alum-
inum. However, on the basis of empirical laws established 
for lattice diffusion the value of 19-.9 ,kcal/mol. is found to· 
b I 1 1 21 R d. ff . d . 2 2 . d . e anoma ous y ow. ecent 1 us1on stu ies 1n 1cate 
that this value should be nearer to 40 kcal/mol. In view of 
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· As mentioned previously·,· the. model developed to describe 
the coarsening behavi~r -~£ directionally solidified Al-Al3Ni 
. 
-- has a limited applicability in that it cannot explain the ob-_ 
served cross avers in the interfacial surfac~ area pet unit 
volume data. It is quite evident that the coarsening process 
involves factors which have not been accounted for by the pre-
sent investigation. It is hoped that by reevaluating the ex-
perim~ntal data (including the 2 cm/hr. data) perhaps by 
-graphical or numerical methods that these factors may be re-
~----
vealed and a.more general.coarsening model developed. 
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. . . ' CONCLUSIONS. 
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1. -.·_ The 'highly anisotropic microstructure produced· by ___ direc- · 
__ ,-_ _,----
· tional so·lidification exhibits excellent thermal .st~bili ty at 
... e~evated temperatures. 
2. Diffusion is the rate controlling process .for coarsening 
.in this system. Experimentally determined activation energies 
· · ·suggest that the diffusing species is probably Ni in Al. 
3. A model which predicts the interfacial surface area per 
unit. volume to be inversely proportional to the square root 
of time is consistent with the experimental observations. 
· 4. The interfacial surface area per unit volume is directly 
. proportional --to the square root of the number of fibers per 
unit area. --· 
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FIGURE 1 
.-
, 
Electron micrograph of a transverse section 
of an 8 cm/hr. specimen (3300X). Vectors 
denote the crystallographic orientation of 
the A~ 3Ni phase. 
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FIGURE ·2 
MICROSTRUCTURE AFTER 476 HOURS AT 630°C 
(S2SX) 
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